This work directly measures the mechanical properties of pteropod shells collected from the Southern Ocean on the 2007 midsummer Subantarctic Zone Sensitivity to Environmental Change (SAZ-Sense) voyage. Shells from the common Southern Ocean pteropod Limacina helicina antarctica were subjected to mechanical analyses in combination with detailed morphological studies. Average hardness and modulus of 2.30 + 0.07 GPa and 45.27 + 0.91 GPa, respectively were calculated from several hundred nanoindentation measurements taken from multiple positions across twelve shells of the same species collected under identical conditions. Quantitative data such as these are critical to establish a reference point for future comparative studies and to both understand and evaluate the implications of further ocean acidification on the structural integrity of these common polar calcifiers, particularly in light of their role in the Southern Ocean carbon cycle and food web.
Introduction
The oceans have absorbed nearly 40% of the anthropogenic carbon dioxide (CO 2 ) released into the atmosphere since the Industrial Revolution . The addition of CO 2 affects ocean chemistry by decreasing both the carbonate ion availability and the pH of the surface ocean (Caldeira and Wickett, 2003; Feely et al., 2004) . This phenomenon, known as ocean acidification, is predicted to affect polar waters first. Models suggest these polar waters will become undersaturated with respect to the aragonite polymorph of calcium carbonate by 2050, associated with a drop in ocean pH to 7.9 (Orr et al., 2005; McNeil and Matear, 2008) . Despite being a key question in ocean acidification research, we still have a limited understanding of how calcifying organisms will respond to a high-CO 2 ocean (Doney et al., 2009; Ries et al., 2009; Kroeker et al., 2010) . Many studies have suggested calcium carbonate shell formation will be reduced throughout a range of calcifying organisms including planktonic foraminifera (Spero et al., 1997; Bijma et al., 1999 Bijma et al., , 2002 Moy et al., 2009) , corals (Gattuso et al., 1998; Kleypas et al., 1999; Gattuso and Buddemeier, 2000) , some coccolithophorids (Riebesell et al., 2000; Zondervan et al., 2001) and pteropods (Comeau et al., 2009; Lischka, 2012; Manno et al., 2012) . Calcification has a vital role in the marine carbon and alkalinity cycles, where aragonite precipitation and dissolution is a prominent component of the upper-ocean alkalinity cycle (Betzer et al., 1984; Gangstø et al., 2008) . In the case of pteropods, a number of studies have applied qualitative and semi-quantitative metrics to shell calcification and preservation state (e.g. Gerhardt and Henrich, 2001; Manno et al., 2007; Roberts et al., 2011; Bednaršek et al., 2012) .
The thecosomatous (shelled) pteropods play an important role in marine ecosystems (Lalli and Gilmer, 1989) . When abundant, pteropods are significant grazers on phytoplankton and smaller mesozooplankton. Pteropods produce shells from aragonite, which is a brittle mineral phase of calcium carbonate and metastable under oceanic conditions. Aragonite is more vulnerable to dissolution than calcite, and thus more susceptible to ocean acidification than calcite in terms of shell formation, as aragonite undersaturation will be crossed at a higher carbonate ion concentration than for calcite (Mucci, 1983) . Indeed, laboratory, modelling and field studies on polar pteropods have indicated that shell dissolution will occur rapidly as polar oceans becomes undersaturated with aragonite (Orr et al., 2005; Manno et al., 2007; Comeau et al., 2009; Bednaršek et al., 2012) . Thus, quantifying the current distribution, abundance, seasonal flux and mechanical properties of Southern Ocean pteropods is crucial, as they are likely to be among the most vulnerable organisms to the effects of ocean acidification. Work quantifying the distribution, abundance and seasonal flux of pteropods in the Subantarctic Zone (SAZ) has been completed to provide a benchmark against which to monitor future changes in SAZ pteropod communities . However, to date there have been no studies examining the mechanical properties of the shells of this set of organisms. Moreover, measuring the structural and mechanical properties, such as hardness and modulus, of the shells of calcifiers is one important method of determining changes in the structural integrity, and thus survival, of these at-risk organisms. This study thus aims to establish a reference point for the mechanical properties of pteropod shells collected from the SAZ.
Although there have been no studies on the mechanical characteristics of Southern Ocean pteropods, there are reports of the mechanical properties of other marine calcified shells. Taylor and Layman (1972) first measured the mechanical properties of bivalve shell structures with an array of microhardness, compression, bend and impact tests. They showed that in some structures, such as aragonite prisms, there was significant variation in the microhardness observed from species to species. They also noted that there was no significant variation in the microhardness of prismatic or crossed-lamellar structures with different orientations. Nanoindentation is now a wellestablished technique whereby the localized mechanical properties of a sample can be measured by pushing a sharp tip down into a material with a defined force whilst continuously measuring the resultant penetration depth (Doerner and Nix, 1986 ). Young's Modulus and hardness are routinely calculated from nanoindentation measurements. The Young's modulus is a measure of a material's ability to deform elastically and is defined as the ratio of the tensile stress over strain in the elastic regime. Nanoindentation systems typically calculate the Young's modulus by measuring the elastic recovery of the material on the withdrawal of the indenter tip (i.e. on unloading). Hardness is defined as "resistance to permanent deformation" and is calculated from the force and the projected contact area. Though developed primarily for nonbiological material analyses, nanoindentation is becoming a powerful tool for measuring the mechanical properties of many biomaterials, as it can measure the hardness and Young's modulus at scales appropriate to many biomaterials and at site-specific locations. The indented regions can be then be further characterized with techniques such as electron microscopy, thus providing important information about the structure-property relations of such systems. This approach has been extensively applied to many hard biomaterials including teeth and bone (Lewis and Nyman, 2008) , insect exoskeletons (Enders et al., 2004; Barbakadze et al., 2006) and a number of soft biomaterials of both technical and fundamental interest, such as silk fibres (Ebenstein and Wahl, 2006) . Nanoindentation has also been employed to study nacre, the inner iridescent layer of many marine mollusc shells. Nacre is of particular interest due to its extraordinary combination of strength and fracture toughness despite being composed of mainly (.95%) brittle aragonite (Espinosa et al., 2011) . The mechanical properties of this hierarchically-structured biomaterial have been well studied using a range of techniques including Atomic Force Microscopy and nanoindentation with the aim of understanding the structure-property relations of nacre for potential technological applications (Bruet et al., 2005; Katti et al., 2006; Espinosa et al., 2011) . Nanoindentation has also been used to provide valuable insights into the mechanical properties of the tropical pteropod Cavolinia uncinata, which has an interlocked helical nanofibre aragonite structure (Zhang et al., 2011) . The modulus and hardness measured from that shell structure revealed that the properties on the transverse cross-section are much higher than the section parallel to the shell surface, which appears to allow the shells to be somewhat flexible as well as providing excellent fracture toughness (Zhang et al., 2011) . The shells of polar pteropods are similarly composed of aragonite. The outer shell morphology of two species of polar pteropods, the Arctic Limacina helicina and the Antarctic Limacina helicina antarctica forma antarctica, have been studied by Sato-Okoshi et al. (2010) . Adult Antarctic pteropod shells were shown to consist of three layers: a crossed-lamellar layer between an inner and a thin outer prismatic layer. Axial ribbed growth lines were observed on the surface of the shells and a thin periostracal layer covered the calcareous shell. Mollusc shells are thought to contain 5% biological protein materials (Hare and Abelson, 1964) , but there has been no work on the nature or composition of these proteins in this organism.
Although the mechanical properties of calcifying organisms, such as pteropods in polar waters, are of key interest in terms of ocean acidification, there are currently no reports in the literature on such properties. In this work, we use nanoindentation to measure the hardness and modulus of the Southern Ocean pteropod Limacina helicina antarctica (LHA), together with electron microscopy, to provide a series of reference measurements that aim to tackle the question of how mechanical properties of calcifiers will fare in a higher CO 2 ocean.
Material and methods

Sample collection
The set of Limacina helicina antarctica pteropods examined in this study were collected during the Subantarctic Zone Sensitivity to Environmental Change (SAZ-Sense) voyage, which covered an area from 44-548S and 140-1558E between 17 January and 20 ( Roe et al., 1980; Pommeranz et al., 1982) were used to collect samples to maximize sample collection.
The ringnet was deployed vertically at varying times of day between 0 and 100 m depth at a speed of 0.5 ms
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. The net had a mouth area of 0.8 m 2 and was fitted with a 150-mm mesh and a 20-l, 0.3-m wide non-filtering cod-end bucket.
Each RMT deployment consisted of two 15-min trawls. On some occasions only one part of the trawl was successful as a result of damage to the net and/or cod-end and on two occasions a second trawl was not undertaken. The RMT1 net (1 m 2 mouth area fitted with 150-mm mesh) and the RMT8 net (8-m 2 net opening with 2-mm mesh) were deployed for horizontal tows between 0-and 150-m water depths at speeds of 0.5-1.9 knots.
Sample preservation and processing
A 2-l subsample from the ringnet cod-end and all of the RMT 1 and 8 cod-end samples were sieved through a 150-mm mesh sieve. Pteropods were optically identified and preserved in 100% ethanol for 24 -48 h, after which they were washed and refreshed with new 100% ethanol and preserved at 48C. It is important to note that the samples used in this study were not treated further (e.g. subjected to a peroxide (bleach) clean) and thus original shells with organic matter intact were retained.
To prepare each shell for mechanical measurement, whole specimens were dried at room temperature in a desiccator for 24 h before being embedded in epoxy resin and hardener (EpoxySet, Allied). To reveal a cross-section of the shell wall, the samples were polished using a series of silicon carbide papers followed by a final polish with a silk cloth embedded with 3-mm and 1-mm diamond pastes.
Sample analysis
The mechanical properties of the pteropod shells were determined using nanoindentation. A Hysitron TriboIndenter with a pointed (Berkovich) diamond tip (with typical diameter of 100-200 nm) was used. The tip area file and instrument compliance was calculated using a standard of fused silica. A maximum load of 5 mN was applied to the shell cross-section over a 30-s interval and unloaded over 10 s. A set of 12 individual pteropods were indented, in various regions of the shell cross-sections, totalling approximately 600 individual indentations. The hardness and modulus was calculated using the software built into the Hysitron instrument based on the Oliver and Pharr method (Oliver and Pharr, 1992) . This method fits the unloading segment of the curve to a power law relation to calculate the contact depth, from which the contact area can be obtained. The hardness (H) is then given by:
where P max is the maximum load and A is the projected area of the residual indent impression (contact area) calculated by the measured depth and known tip area function. The elastic modulus (E) is calculated using the unloading stiffness (S ¼ dP/dh) and contact area. It should be noted that the modulus presented in this work is the "reduced" modulus, as there is a small contribution in the measurement from the properties of the diamond tip. The absolute Young's modulus of a sample (E) can be obtained given the Poisson's ratio of the material:
where E, v, E i and v i are the Young's moduli and Poisson's ratios of the material and indenter respectively. However as there is no way to accurately measure the Poisson's ratio of the pteropod shells, the modulus presented in this work is the reduced modulus. This is standard practice in most nanoindentation studies, as the effect of the tip deformation is very small and estimating Poisson's ratio would introduce an unknown degree of error into the measurements. Each nanoindentation data set was imaged to determine the local surface morphology and shell orientation using a FEI Quanta 600 MLA environmental scanning electron microscope (ESEM) in low vacuum mode at 10 kV. No coating was used. Whole shells that were not embedded in epoxy were also imaged.
Results
The Limacina helicina antarctica shells analysed in this work were found to have a diameter of 1 -2 mm (Figure 2) . Axial ribs were observed on the shell surface (Figure 2 ), which is in agreement with previous reports by Sato-Okoshi et al. (2010) . The thickness of the shell wall cross-sections were measured via ESEM and ranged from 5 -30 mm depending on shell region (Figure 3) .
A typical nanoindentation curve taken from a shell wall shows the plot of applied load and measured depth (Figure 4) . The mechanical behaviours of individual regions were found to vary within this relatively large dataset of approximately 600 indentations across the 12 shells. In some areas the indenter penetrated the shell to a depth of 700 nm indicating that specific region was very soft, while in other areas the indenter only penetrated 200 nm into the surface indicating this region was relatively harder. This variability occurred across each shell in the sample set. The average hardness and modulus values and the associated standard error for the entire sample set ( 600 indents across 12 shells) were calculated from the indentation data. The average hardness for individual shells ranges from 0.87 + 0.09 GPa to 4.44 + 0.20 GPa (Figure 5a ), and the average modulus ranges from 29.24 + 2.1 GPa to 64.69 + 1.9 GPa (Figure 5b) . The average of all 600 measurements was calculated and is shown as the blue line on both plots. The overall average hardness is 2.30 + 0.07 GPa, and the overall average modulus is 45.27 + 0.91 GPa. It is interesting to consider if such hardness variations may be caused by local differences in ocean chemistry experienced by the pteropods over their lifetime due to seasonal variations or daily migrations through the water columns.
The residual indent impressions in the polished shell crosssection were imaged in the ESEM (Figure 3 ) in an attempt to map the local morphology of the regions being probed with the measured mechanical properties. Indeed, the morphology of the polished shell cross-sections was found to vary considerably both within each shell and across the whole sample set. Some areas appeared "rough" with long rod-like crystals visible (Figure 3a) , while others were very smooth (Figure 3b ). In addition many regions probed with an array of indentations displayed a mixture of these two morphologies (Figure 3c ). Information about the local morphology of each array of indents was correlated with the respective nanoindentation data. However, the variation in morphology was found not to be correlated with the mechanical data calculated. The position of the indents within each shell (e.g. in the middle or on the outer layer) and region (e.g. on the embryonic shell or outer whorl) was also carefully studied to see if this had any relation to the mechanical properties but again, no correlation was seen. Thus the observed variation in the localized mechanical properties is not related to Mechanical strength of the Limacina helicina antarctica shell the surface morphology but to naturally occurring subsurface microstructural variations.
Discussion
Pteropod research to date has relied on the use of measurements (such as short-term laboratory experiments or shell flux of in situ populations) to detect changes in calcification rates and to make inferences about likely population changes under continuing ocean acidification (Orr et al., 2005; Comeau et al., 2009; Roberts et al., 2011; Bednaršek et al., 2012) . Although these studies have provided much important information about the likely impact of changing ocean chemistry on calcareous marine organisms, such approaches have not addressed the fundamental questions about the structural composition of these calcifying marine creatures and how changes to pH will affect their integrity and hence their ability to both form and maintain shells. Laboratory experiments are limited by the inability to keep pteropods alive out of their natural environment for more than a month (Comeau et al., 2009; Lischka et al., 2011) . In addition, experimental treatments are sudden and do not allow for possible generational adaptation (Bednaršek et al., 2012) . Hence, measurements of the mechanical properties of pteropods collected from natural populations provide a good indication of the resistance to deformation, which in this case may be vital for the organisms' survival. In this research, the key question of the structural integrity is addressed using nanoindentation as a means of measuring their mechanical properties. The suitability of this technique is discussed in terms of what the properties of hardness and modulus probe and how the organic component of the shell affects such properties.
In terms of mechanical properties, "hardness" is regularly quoted in order to characterize materials. The search for so-called "superhard" materials is naturally defined by this concept, despite the fact that hardness is not a fundamental material property as it cannot be calculated from a unit cell or a detailed understanding of the local bonding of the atoms. Hardness is best defined as a measure of the resistance of a material to permanent deformation. As the function of the pteropod shell is to provide protection, measuring the hardness of such shells seems an appropriate measure of the shell's ability to perform its function. However given that hardness is not a fundamental material property, the value obtained from indentation tests depend heavily on the details of the testing regime. For example, different indentation tip shapes (i.e. spherical or 3-or 4-sided pyramid) and maximum In contrast to hardness, the Young's modulus is a fundamental property. It is commonly measured as the ratio between the stress and strain of a material. Primarily the modulus is a measure of the elasticity of a material and, unlike hardness, it can be measured in the elastic regime before permanent deformation has occurred. However, the measured Young's modulus can also vary according to the testing method. In this case the most significant factors are the loading and unloading rates, which are of particular importance for polymers. As the shell samples studied here contain 5% organic matter, this factor needs to be considered when making comparisons with other work.
Therefore, in order to make mechanical measurements that are useful for comparative studies, there are a number of parameters that need to be considered for indentation testing. The selection of both the indenter tip shape and maximum load are very important. Ideally the selected tip/load combination should induce plastic (i.e. permanent) deformation without inducing failure (cracking) in the sample. In addition, the area being probed and the maximum depth of the tip should be scaled to both the size of the sample and the degree of surface roughness. A well-known rule of thumb in the field states that the depth should not exceed more than 10% of the sample thickness (Tsui et al., 1999) , and the maximum depth of the test also needs to very comfortably exceed the level of surface roughness (Fischer-Cripps, 2004) .
All of the above factors were taken into consideration when the indentation testing conditions presented here were established. At a maximum load of 5 mN with a Berkovich indenter, the maximum depth was measured between 200 to 700 nm. The ESEM analysis of the residual indent impressions revealed that this load did not induce any cracking. Thus we suggest that these conditions are appropriate for measuring the mechanical properties of these samples and can be easily repeated with shells from later years to monitor any possible changes in this set of mechanical properties.
The influence of the organic component on the mechanical properties of the shells is also worth considering. A suggested explanation for the measured variations in the mechanical properties of the shells is the presence of the organic matrix. However as the organic matrix is essentially homogenous throughout the shell and only 5% of the structure overall, it is likely that a similar volume of organic matter is probed during each indentation and thus this is unlikely to cause large variations in the mechanical responses. Yet the organic matter, even in the dehydrated form tested in this work, clearly plays a vital role in strengthening the shell. Indentation of a classic brittle ceramic such as aragonite (Jackson et al., 1988) under the same conditions would evidently cause cracking. However, no cracks were visible around the residual indents and no signs of cracking, such as discontinuities in the loadunload data, were observed in this work.
In addition, the orientation of the shell does not appear to result in different hardness or modulus measurements. This is not surprising as the majority of the sample has a crossed-lamellar structure, and little variation in the hardness measured between different orientations was noted by Taylor and Layman (1972) in these structures. Thus the variation in the localized mechanical properties is attributed to the natural variation in the biomaterial being tested.
It is further interesting to compare the mechanical data obtained in this study with that of other shell structures published in the literature (Table 1) . The most widely studied shell structure is nacre, which, like the Limacina helicina antarctica pteropod shell studied Mechanical strength of the Limacina helicina antarctica shell here, is also composed of aragonite with an organic matrix of 5 wt%. However, the structure of nacre is very different from the LHA structure, as it comprises polygonal platelets separated by an organic matrix (Bruet et al., 2005) . The hardness of nacre has been measured to be 8.7 -10.8 GPa, and the modulus measured to be 103 -114 GPa, with a maximum indentation load of 1000 mN (Bruet et al., 2005) . Another study by Katti et al. (2006) found the hardness and modulus to be 1.32 -3.1 GPa and 40.95 -56.71 GPa respectively, with a 10 000 mN maximum indentation load. Although the results and variations from this work do come close to the reported properties of nacre, the apparent inconsistencies in the reported values illustrate the importance of adopting a standardized indentation measurement procedure.
A comparison of mechanical properties of the LHA-pteropod presented in this work with those of a tropical species of pteropod is also possible (Table 1 ). It appears that the Southern Ocean LHA shells are significantly "softer" than the shells of the tropical pteropod Cavolinia uncinata (CU) (Zhang et al., 2011) . The tropical pteropods had a hardness and modulus of 5.2-5.6 GPa and 51.5-85.9 GPa, respectively, depending on whether the shell was indented on the transverse cross-section or parallel to the shell surface (Table 1; Zhang et al., 2011) . Again, a likely explanation for this difference in mechanical behaviour can be attributed to an unusual interlocked helical nanofibre aragonite structure found in the CU pteropod compared with the layer cross-laminar structure in the LHA species. This indicates that the structural arrangement of aragonite likely dominates the mechanical properties of the shell. Thus, little useful information about the mechanical properties of one species can be extrapolated from those of another species, even if the compositions are roughly the same (aragonite plus 5% organic matter).
Over coming decades, aragonite undersaturation is predicted to detrimentally affect planktonic marine communities of highlatitude waters, and indeed some impacts have already been inferred (e.g. Moy et al., 2009) . The rate and magnitude of these observed and anticipated changes (Southern Ocean surface waters undersaturated by 2050: McNeil and Matear, 2008) highlight the urgent need for monitoring at-risk calcifiers, such as Antarctic pteropods. It should be noted that these pteropods are rarely preserved in Southern Ocean sediments, and thus pre-industrial baselines on which to detect responses to ocean acidification are not available. However, nanoindentation may allow the effects of acidification to be measured while it occurs in our lifetime. The results presented here provide a valuable benchmark of the mechanical properties of these vulnerable pteropods and can act as a reference point for future comparative studies. In addition, a standard method of nanoindentation has been suggested for other such studies. Consistent experimental parameters are vital for researchers to make meaningful comparisons of data in order to evaluate the effects of ocean acidification on many important calcifying marine organisms.
Quantitative data such as these are critical for both understanding and evaluating the implications of further ocean acidification on the structural integrity, and thus the survival, of polar calcifiers.
